A metal-organic framework Fe 3 O(BDC) 3 was synthesized and used as a recyclable heterogeneous catalyst for the direct arylation of azoles with benzaldehydes. Following this protocol, inexpensive and commercially available benzaldehydes could act as an aryl source for the transformation, replacing the aryl halides normally employed in the conventional cross-coupling reactions. The catalyst disclosed higher catalytic productivity for the formation of aryl-substituted azoles than various MOFs and diverse homogeneous iron catalysts. The conversion was considerably regulated by the solvent and the oxidant, and the combination of N-methyl-2-pyrrolidone with di-tert-butyl peroxide offered the best yield.
Introduction
Aryl-substituted azoles and their derivatives are popular structural scaffolds found in miscellaneous series of biologically active compounds, agricultural chemicals, pharmaceutical chemicals, and organic materials. [1] [2] [3] [4] [5] These skeletons were previously synthesized via the reaction between metalloheteroarenes and haloarenes, or metalloarenes and haloheteroarenes, hence experiencing disadvantages with regard to green chemistry points of view. 3 Recently, different strategies for these structures have been developed and mentioned in the literature. 6 Wang et al. achieved aryl-substituted azoles by [Pd(p-allyl)Cl] 2 -catalyzed coupling of thioethers with azoles. 7 This research group also implemented the transformation between aryltrimethylammonium triates and benzoazoles utilizing the same palladium complex catalyst.
8 Pooniya et al. performed the direct arylation of azaheterocycles with diaryliodonium salts using copper salts as the catalyst.
9 Walsh et al. demonstrated a productive room-temperature Pd(OAc) 2 / NiXantphos-catalyzed arylation reaction of benzoxazoles with aryl bromides. 10 Hoover et al. synthesized a series of arylated benzoxazoles via the CuI-catalyzed oxidative coupling reaction of 2-nitrobenzoic acids and benzoxazoles.
11 Maiti et al.
published a copper salts-mediated decarboxylative arylation reaction of benzoic acids and heteroarenes. 12 Li et al. previously disclosed the rst illustration of the direct arylation of benzoazoles utilizing inexpensive and commercially available aldehydes as the arylating reagent and FeSO 4 as the catalyst. 13 However, the iron salt catalyst could not be reused.
Metal-organic frameworks (MOFs) have sprung up as a new type of crystalline material, assembled by appending metal ions or metal clusters with organic connecting linkers. [14] [15] [16] [17] It is possible to regulate the characteristics of MOFs by integrating diverse metal cations with varied organic components. [18] [19] [20] The temperament of MOFs results in different advantages as correlated to customary inorganic materials. [21] [22] [23] [24] Despite the fact that critical attempts are necessitated for the expansion of the eld, encouraging applications of these frameworks in abundant domains have been substantially analyzed, diversifying from gas storage to catalysis. [25] [26] [27] [28] [29] [30] The utilization of MOFs as heterogeneous catalysts has latterly allured momentous curiosity from many research groups around the world.
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Theoretically, it would be possible to constitute the catalytic active site either on organic connecting linkers or at metal cations in MOFs, consequently optimizing the dispersion of effective sites on the catalyst. [35] [36] [37] Certainly, diverse organic reactions employing MOFs as heterogeneous catalysts have been claimed in the literature. [38] [39] [40] [41] [42] [43] [44] MOFs possessing iron sites were formerly utilized as heterogeneous catalysts for miscellaneous organic conversions. 31, [45] [46] [47] [48] [49] [50] In this manuscript, we would like to present the direct arylation of benzoazoles utilizing inexpensive and commercially available benzaldehydes as arylating reagents and Fe 3 O(BDC) 3 as the productive heterogeneous catalyst. To our best knowledge, this reaction was not previously implemented utilizing heterogeneous catalysts.
Experimental
The catalyst was synthesized according to a literature protocol 51, 52 (see ESI †). In an exemplary experiment, a solution of benzothiazole (0.135 g, 1 mmol) and benzaldehyde (0.204 ml, 2 mmol) in N-methyl-2-pyrrolidone (4 ml) was added into a round bottom ask containing the catalyst (0.015 g, 5 mol%). Diphenyl ether (0.1 ml), as an internal standard, was then added to the ask. The catalyst amount was enumerated concerning the iron/benzothiazole molar proportion. The reaction mixture was magnetically stirred for 5 min to distribute the catalyst in the solvent. Aerwards, di-tert-butyl peroxide (tBuOOtBu, 0.42 ml, 2 mmol) was added to the ask. The solution was vigorously stirred at 100 C for 3 h on a magnetic stirrer.
Samples were withdrawn at various time periods, then quenched with KOH solution (5% w/w, 1 ml). The extraction was then executed using ethyl acetate (2 ml 
Results and discussion
The framework was utilized as a catalyst for the direct arylation between benzothiazole and benzaldehyde to generate 2-phenylbenzo[d]thiazole as the major product (Scheme 1). Following this protocol, the inexpensive and commercially available benzaldehyde could act as an aryl source for the transformation, replacing the aryl halides normally employed in the conventional cross-coupling reactions. Elementary studies were aimed at the inuence of temperature on the generation of 2-phenylbenzo[d]thiazole. The reaction was performed in N-methyl-2-pyrrolidone at 5 mol% catalyst for 3 h, with a benzothiazole : benzaldehyde mole proportion of 1 : 2, utilizing 2 equivalents of tBuOOtBu, at ambient temperature, 60 C, 80 C, 100 C and 120 C. It was impossible for the reaction to proceed at ambient temperature, with no evidence of product being noted aer 3 h. The reaction executed at 60 C offered 36% yield aer 3 h. As expected, boosting the temperature caused a noteworthy enrichment in the yield of the expected product. Certainly, 63%
yield was recorded aer 3 h for the reaction implemented at 80 C. The yield of 2-phenylbenzo[d]thiazole could be increased to 93% aer 3 h when the temperature was raised to 100 C. It was noticed that augmenting the temperature to 120 C did not magnify the yield of the anticipated product dramatically ( Fig. 1) . Furthermore, the amount of benzaldehyde also had a noteworthy impact on the conversion, and the best yield of the anticipated product was recorded for the reaction utilizing 2 equivalents of benzaldehyde ( Fig. 2 ). Another point that should be explored for the reaction between benzothiazole and benzaldehyde to generate 2-phenylbenzo [d] thiazole is the catalyst amount. In the rst illustration of the direct arylation of benzoazoles utilizing inexpensive and commercially available aldehydes as the arylating agent, Li et al. employed up to 20 mol% FeSO 4 catalyst. 13 The reaction was executed in N-methyl-2-pyrrolidone at 100 C for 3 h, with a benzothiazole : benzaldehyde mole proportion of 1 : 2,
The arylation between benzothiazole and benzaldehyde utilizing Fe 3 O(BDC) 3 catalyst. utilizing 2 equivalents of tBuOOtBu, at 1 mol%, 3 mol%, 5 mol%, and 7 mol% catalyst. Interestingly, it was noticed that a high yield of 2-phenylbenzo[d]thiazole could be obtained by employing a lower catalyst amount as compared to the corresponding homogeneous iron catalyst. The reaction deploying 1 mol% catalyst could progress to 54% yield aer 3 h. Expanding the catalyst quantity to 3 mol% amended the yield of the anticipated product to 75% aer 3 h. Up to 93% yield of 2-phenylbenzo[d]thiazole was attained for the transformation in the presence of 5 mol% catalyst. Extending the catalyst quantity to more than 5 mol% was noted to be wasteful as the yield of the predicted product was not augmented enormously. Certainly, the reaction utilizing 7 mol% catalyst reached 94% yield aer 3 h. It must be emphasized that in the absence of the framework, the reaction between benzothiazole and benzaldehyde provided only 5% yield aer 3 h (Fig. 3) . Therefore, these data veried that employing the iron framework for the conversion was compulsory. Similar to other oxidative transformations, the existence of an oxidant in the catalytic cycle is compulsory for the reaction between benzothiazole and benzaldehyde to generate 2-phenylbenzo[d]thiazole. We accordingly investigated the inuence of various oxidants on the transformation. The reaction was conducted in N-methyl-2-pyrrolidone at 100 C for 3 h, with benzothiazole : benzaldehyde mole proportion of 1 : 2, at 5 mol% catalyst, utilizing 2 equivalents of oxidant. The reaction utilizing potassium peroxodisulfate and silver nitrate proceeded with difficulty, with 6% and 9% yields, respectively, found aer 3 h. tert-Butyl perbenzoate and cumyl hydroperoxide were also not appropriate for the reaction, and 12% and 21% yields, respectively, were recorded aer 3 h. The reaction utilizing aqueous tert-butyl hydroperoxide provided 27% yield aer 3 h, while the corresponding oxidant in decane expressed better efficiency. It was noticed that oxygen was not an effective oxidant for the reaction, producing 2-phenylbenzo[d]thiazole in 42% yield aer 3 h under these conditions. Li et al. previously employed pure oxygen as the oxidant, though up to 20 mol% catalyst was required, the reaction time was extended to 20 h, and the temperature was boosted to 150 C. 13 In this work, increasing the temperature from 100 C to 150 C under oxygen with 5 mol% catalyst did not enhance the reaction yield aer 3 h. Compared with these oxidants, tBuOOtBu displayed the best performance for the arylation reaction, furnishing a 93% yield of the anticipated product aer 3 h (Fig. 4) . In addition, it was noted that the quantity of the oxidant disclosed a considerable impression on the generation of 2-phenylbenzo[d]thiazole. The reaction employing 1 equivalent of tBuOOtBu proceeded with difficulty, with 45% yield being observed aer 3 h. The best result was recorded for the reaction deploying 2 equivalents of the oxidant. It must be emphasized that no evidence of product was found in the absence of the oxidant (Fig. 5) .
The solvent showed a noticeable inuence, being conditional on the disposition of the solid catalyst. Consequently, the impact of miscellaneous solvents on the direct arylation between benzothiazole and benzaldehyde to generate 2-phenylbenzo[d]thiazole was examined. The reaction was executed at 100 C for 3 h, with a benzothiazole : benzaldehyde mole proportion of 1 : 2, at 5 mol% catalyst, utilizing 2 equivalents of tBuOOtBu in different organic solvents. Nonpolar solvents such as toluene, p-xylene, n-heptane were inappropriate for the conversion, granting the expected product in 12%, 11%, and 5% yields, respectively, aer 3 h. Chlorobenzene and dichlorobenzene also exhibited low performance, producing 2-phenylbenzo [d]thiazole in 23% and 28% yields aer 3 h, respectively. The reaction implemented in N,N-dimethylformamide proceeded to 24% yield, while that performed in N,N-dimethylacetamide offered 31% yield aer 3 h. Tetrahydrofuran displayed a similar performance, generating the anticipated product in 32% yield. This number could be enhanced to 42% for the conversion executed in diglyme, and 45% for that carried out in 1,4-dioxane. Performing the reaction in dimethyl sulfoxide, the reaction yield was increased to 48% aer 3 h. Compared with these solvents, N-methyl-2-pyrrolidone revealed the best performance, with 93% yield of 2-phenylbenzo[d]thiazole being recorded aer 3 h (Fig. 6 ). Since the direct arylation between benzothiazole and benzaldehyde to generate 2-phenylbenzo[d]thiazole was implemented in solution, it is critical to conduct a leaching test. In a number of circumstances, the conversion might carry on via Fig. 7 The arylation reaction was ceased after the catalyst was removed. Fig. 8 The presence of curcumin or ascorbic acid in the reaction mixture restrained the arylation. Fig. 9 Influence of pyridine on the arylation reaction.
fractionally homogeneous catalysis as a portion of catalyst was dissolved throughout the course of the reaction. The leaching analysis was accordingly executed to verify that the arylation occurred through genuinely heterogeneous catalysis. The reaction was performed in N-methyl-2-pyrrolidone at 100 C for 3 h, with a benzothiazole : benzaldehyde mole proportion of 1 : 2 at 5 mol% catalyst, utilizing 2 equivalents of tBuOOtBu. Following a 30 min reaction period with a 30% yield of 2-phenylbenzo [d] thiazole being recorded, the iron framework catalyst was segregated. The liquid phase was thereaer relocated to a new ask, and the reaction was allowed to proceed for a further 150 min. The generation of the predicted product throughout this period, if any, was conrmed by GC analysis. It was spotted that aer the removal of the iron framework, no more 2-phenylbenzo[d]thiazole was produced (Fig. 7) . These experimental data validated that the arylation between benzothiazole and benzaldehyde to generate 2-phenylbenzo[d]thiazole was able to carry on only if the framework catalyst was present in the reaction blend. Certainly, the offering of homogeneous catalysis to the arylation reaction was inconsequential.
To comprehend the mechanism of the arylation between benzothiazole and benzaldehyde to generate 2-phenylbenzo [d] thiazole, additional experiments were implemented. The reaction was executed in N-methyl-2-pyrrolidone at 100 C for 3 h, with a benzothiazole : benzaldehyde mole proportion of 1 : 2 at 5 mol% catalyst, utilizing 2 equivalents of tBuOOtBu. To validate the necessity of the oxidant for the transformation, curcumin ((1E,6E)-1,7-bis(4-hydroxy-3-methoxyphenyl)hepta-1,6-diene-3,5-dione) or ascorbic acid in the role of the antioxidant were injected into the catalytic reaction aer the rst 30 min reaction period. The consequent mixture was magnetically stirred at 100 C for an additional 150 min. It was noticed that the existence of curcumin in the reaction mixture restrained the arylation, and 34% yield of the predicted product was observed aer 3 h. Ascorbic acid also had a negative effect on the conversion (Fig. 8) . These data intimated that curcumin or Scheme 2 Plausible reaction mechanism via ring-opening pathway. ascorbic acid snared the radicals created in the cycle of the catalytic transformation, thus ceasing the arylation. In another test, a catalyst poison, pyridine, was utilized. Aer 30 min reaction period, pyridine was injected into the reaction mixture, and the consequent mixture was magnetically stirred at 100 C for an additional 150 min. It was also recognized that the conversion was discontinued aer the addition of pyridine (Fig. 9) . Li et al. previously recommended that this reaction would take a ring-opening but not a decarbonylative pathway.
13
Indeed, the ring-opening transformation of benzoazoles was recently suggested by Doucet et al. 53 A plausible mechanism via ring-opening pathway was proposed for the arylation between benzothiazole and benzaldehyde to generate 2-phenylbenzo[d] thiazole (Scheme 2). The hydrolysis of benzothiazole to N-(2-mercaptophenyl)formamide could be initiated by the water residue in the solvent. Indeed, MS analysis indicated the presence of S-2-formamidophenyl benzothioate (3) as an intermediate in the reaction mixture (Fig. S26 †) . However, a clear mechanism for this transformation still needs further studies. To gain insight about the location of the catalytic reaction, experiments using the catalyst with smaller particle size were conducted under identical conditions. Undoubtedly, smaller size crystals normally exhibit higher activity due to the extended external surface of the catalyst. 54 It was noted that the yield of 2-phenylbenzo[d]thiazole was not improved signicantly. Moreover, the cavity size of the framework is approximately 7Å, while the sizes of the reactants and products are less than 7Å. 55, 56 This observation would indicate that the transformation might occur inside the pores as well as on the external surface of the catalyst. Nevertheless, additional studies are needed to elucidate the location of the catalytic reaction.
The catalyst showed better productivity in the generation of 2-phenylbenzo[d]thiazole than innumerable MOFs and miscellaneous customary iron salts. To accentuate the extraordinary attributes of the iron framework, its reusability must be investigated. In splendid circumstances, it must be possible to reutilize the iron framework as many times as possible while its efficiency could be maintained. We then explored the reusability of the catalyst in the arylation of benzothiazole with benzaldehyde over 8 consecutive catalytic cycles. The reaction was executed in N-methyl-2-pyrrolidone at 100
C for 3 h, with a benzothiazole : benzaldehyde mole proportion of 1 : 2, at 5 mol% catalyst, utilizing 2 equivalents of tBuOOtBu. At the end of each run, the catalyst was collected by centrifugation, washed intensively with methanol to remove excess reagents, activated under vacuum in a Schlenk line at 140 C for 3 h, and reused for new catalytic reaction. Experimental data revealed that it was realistic to reutilize the catalyst without a critical decline in catalytic productivity. Undeniably, the arylation reaction still contributed an 88% yield of 2-phenylbenzo[d]thiazole in the 8 th run (Fig. 10) . In addition, FT-IR (Fig. 11) and XRD ( Fig. 12 ) data of the reused framework showed that the framework integrity could be sustained throughout the experiments. The scope of this work was subsequently extended to direct arylation between different aldehydes and benzothiazoles utilizing the iron framework as the catalyst. First, various aldehydes were allowed to join the reaction with benzothiazole. Aryl-substituted azoles were then isolated by column chromatography on silica gel. It was noticed that 2-phenylbenzo[d] thiazole was obtained in 90% isolated yield aer 3 h from the reaction between benzothiazole and benzaldehyde. The benzaldehydes possessing a substituent were less reactive towards the transformation. Certainly, the reaction between benzothiazole and 4-methylbenzaldehyde produced 2-p-tolylbenzo [ 
Conclusions
The metal-organic framework Fe 3 O(BDC) 3 was synthesized and utilized as a recyclable heterogeneous catalyst for the direct arylation of azoles with aldehydes to generate aryl-substituted azoles. The catalyst revealed better productivity in the generation of 2-phenylbenzo[d]thiazole than innumerable MOFs as well as miscellaneous iron salts. The direct arylation transformation was substantially controlled by the solvent and the oxidant, and the combination of N-methyl-2-pyrrolidone as solvent with di-tert-butyl peroxide as oxidant furnished the best result. The reaction was able to carry on only if the iron framework catalyst was present in the reaction mixture, and the offering of homogeneous catalysis to the arylation reaction was inconsequential. It was possible to reutilize the catalyst for the direct arylation of azoles with aldehydes while its catalytic activity was preserved for multiple cycles. The highlight that aryl-substituted azoles could be generated utilizing the inexpensive and commercially available aldehydes as an aryl source instead of aryl halides in the presence of a recyclable catalyst will be important to the chemical industry.
